Histone modifications have important roles in transcriptional control, mitosis and heterochromatin formation. G9a and G9a-like protein (GLP) are euchromatin-associated methyltransferases that repress transcription by mono-and dimethylating histone H3 at Lys9 (H3K9). Here we demonstrate that the ankyrin repeat domains of G9a and GLP bind with strong preference to N-terminal H3 peptides containing mono-or dimethyl K9. X-ray crystallography revealed the basis for recognition of the methylated lysine by a partial hydrophobic cage with three tryptophans and one acidic residue. Substitution of key residues in the cage eliminated the H3 tail interaction. Hence, G9a and GLP contain a new type of methyllysine binding module (the ankyrin repeat domains) and are the first examples of protein (histone) methyltransferases harboring in a single polypeptide the activities that generate and read the same epigenetic mark.
Histone modifications have important roles in transcriptional control, mitosis and heterochromatin formation. G9a and G9a-like protein (GLP) are euchromatin-associated methyltransferases that repress transcription by mono-and dimethylating histone H3 at Lys9 (H3K9). Here we demonstrate that the ankyrin repeat domains of G9a and GLP bind with strong preference to N-terminal H3 peptides containing mono-or dimethyl K9. X-ray crystallography revealed the basis for recognition of the methylated lysine by a partial hydrophobic cage with three tryptophans and one acidic residue. Substitution of key residues in the cage eliminated the H3 tail interaction. Hence, G9a and GLP contain a new type of methyllysine binding module (the ankyrin repeat domains) and are the first examples of protein (histone) methyltransferases harboring in a single polypeptide the activities that generate and read the same epigenetic mark.
Methylation of histone H3 at Lys9 (H3K9) in euchromatin is associated with transcriptional repression of potentially active genes. G9a and GLP function as heterodimers that are responsible for most mono-and dimethylation of H3K9 (H3K9me1 and H3K9me2) [1] [2] [3] . G9a and GLP are found in co-repressor complexes associated with DNA binding proteins, and repression requires the methyltransferase activity located in their C-terminal SET domain 1, [4] [5] [6] [7] . G9a also functions as a coactivator for nuclear receptors 7 . G9a and GLP have large N-terminal regions including six centrally located ankyrin repeats ( Supplementary Fig. 1a online). Here we show that the ankyrin repeat domains of G9a and GLP bind with strong preference and specificity to N-terminal histone H3 peptides containing mono-or dimethylated K9, suggesting that G9a and GLP are involved in both making and reading the histone code.
RESULTS

G9a and GLP ankyrin repeats are methyllysine binding modules
To further investigate how G9a and GLP function together to regulate H3K9 methylation, we studied the binding of G9a to either unmodified or methylated H3 tail peptides. As expected, the G9a SET domain alone bound effectively to unmodified and H3K9me1 peptides (residues 1-21), which are substrates for methylation by the G9a SET domain 8 , and bound poorly to H3K9me2 and H3K9me3 peptides (Fig. 1a) . Notably, full-length G9a had a far greater affinity for H3K9me1 and H3K9me2 peptides than for unmodified H3 peptides.
Deletion analysis identified the G9a ankyrin repeats (residues 730-965) as the H3K9me2 binding module ( Supplementary Fig. 1 ). The G9a ankyrin repeats bound specifically to K9-methylated peptides and had no interaction with either K4-or K27-methylated peptides (Fig. 1a,b) . The patterns of binding to various modified H3 peptides by full-length GLP and its ankyrin repeats were similar to the binding patterns of the corresponding full-length G9a and its ankyrin repeats, with the exception that GLP bound more tightly to H3K9me1 than to H3K9me2 (Fig. 1b) . From fluorescence polarization studies, the dissociation constants (K d ) were 14 ± 3 mM for H3K9me1 and 6 ± 2 mM for H3K9me2 with G9a ankyrin repeats, and 5 ± 0.4 mM for H3K9me1 and 7 ± 1 mM for H3K9me2 with GLP ankyrin repeats (Fig. 1c,d) . A single methyl group decrease (H3K9me0) or increase (H3K9me3) resulted in K d values greater than 150 mM. To rule out the effect of the N-fluorescein modification, we carried out competition experiments using unmodified peptides and found only modest changes in the values of K d but no change in relative affinities (data not shown).
Structural basis for H3K9me2 recognition by ankyrin repeats
Sequence comparison between the ankyrin repeats of G9a and GLP revealed a high degree of similarity ( Supplementary Fig. 2 online) . We solved the structures of the GLP ankyrin repeats in the absence and presence of a bound H3K9me2 peptide (residues 1-15) to a resolution of 3 Å ( Table 1) . Ankyrin repeats are helix-turn-helix-b-turn structures (Fig. 2a) . The helices stack, and the b-turns project out at right angles. The H3 peptide is sandwiched between b-turns and helices of the fourth and fifth repeats. H3 peptide residues 7-13 are visible with the absence of the side chain of Arg8. K9me2 is bound in a partial hydrophobic cage formed by three tryptophans (Trp839, Trp844 and Trp877) and one acidic residue (Glu847) (Fig. 2b) . The K9me2 methyl moieties point toward the hydrophobic residues, and the lone proton of the Ne atom bridges to the acidic Glu847. Mutations of the G9a residues involved in the methyllysine cage formation (W839A, W844A, W877A and E847A) abrogate peptide binding (Fig. 2c) . Although there is no overall conformational change in the ankyrin repeats upon peptide binding (with the r.m.s. deviation of 0.17 Å comparing 224 Ca atoms), the indole ring of Trp839 undergoes large rotations of two torsion angles to allow the binding of methyllysine in the cage (Fig. 2d) . The crystal structure of GLP ankyrin repeats shows that dimethyllysine is satisfactorily accommodated in the cage (Fig. 2e) . The slight preference of GLP for H3K9me1 versus H3K9me2, which is reversed in G9a, could be explained by small differences in the width of the cage induced by regional packing, where a wider cage accommodates H3K9me2 slightly better than a narrow cage, which accommodates H3K9me1 best. Modeling a trimethyllysine in the cage causes steric clashes (Fig. 2f) . Even in this rotamer, which slightly withdraws the methyl groups from the pocket, a severe clash with Glu847 is apparent. This residue could rotate out of the way, but the charge-charge interaction would be lost. The E847A mutant loses binding ( Fig. 2c) , underscoring the importance of this interaction.
H3Ser10 is contacted by a glutamic acid (Glu870) (Fig. 2b) , and charge reversal of this residue (E870R) or phosphorylation of H3Ser10 in the context of K9me2 completely eliminates peptide binding (Fig. 2c,g ). H3Thr11 resides in a distinctive pocket-half of which is formed by the back side of Trp877 and Phe880 (Fig. 2b) -that accommodates the methyl moiety of the H3Thr11 side chain. The Thr11 hydroxyl moiety forms a polar contact with Asn872, which in turn forms a hydrogen bond with Glu870. Mutation of Thr11 to Ala (T11A) in the context of K9me2 decreases binding approximately seven-fold (K d from 7 ± 1 mM to 54 ± 16 mM). H3Gly12 and H3Gly13 form a sharp turn (B901) and run up a wall formed by the salt bridge between Asp905 and Arg913. Mutation of both glycines to the next smallest amino acid (G12A G13A) was sufficient to reduce binding (K d ) from 7 ± 1 mM to 32 ± 12 mM (Fig. 2g) and the mutation D905R blocked peptide binding (Fig. 2c) . The chargecharge repulsion generated between D905R and Arg913 could cause the wall that the peptide climbs to buckle. The recognition of H3K9me2, Ser10, Thr11 and two glycines is sufficient to explain the specificity of the GLP as well as the G9a ankyrin repeats, as all residues involved in peptide binding are identical between the two (Supplementary Fig. 2 ).
Cage mutations do not affect co-regulator-related functions
To determine whether recognition of mono-and dimethyllysine by the G9a ankyrin repeats is necessary for methyltransferase activity, we expressed wild-type and methyllysine bindingdeficient G9a proteins in Cos cells and assayed immunopreciptated proteins for their ability to transfer methyl groups to core histones. The wild-type and methyllysine binding-deficient G9a proteins were expressed at comparable levels and had comparable methyltransferase activity (Fig. 3a) . Thus, lack of methyllysine recognition through the ankyrin repeats has no effect on methyltransferase activity in vitro. In addition to harboring mono-and dimethyllysine targeting activity, the G9a ankyrin repeats interact with the nuclear receptor coactivator GRIP1, and G9a (in cooperation with GRIP1) can function as a coactivator for several nuclear receptors 7 . In coimmunoprecipitation assays, full-length G9a protein (Fig. 3b, lanes 1-3) , as well as the ankyrin repeats (lanes 4-6), containing either the E870R or D905R mutation, interacted as effectively as the wild-type protein with the N terminus of GRIP1. Although mutation of Glu847 caused some reduction in the interaction of both fulllength G9a and the ankyrin repeats with GRIP1, all four cage mutants still interacted with GRIP1 (Fig. 3c) , demonstrating that these mutations did not disrupt overall structural integrity but caused selective loss of binding to the H3K9me1 and H3K9me2 peptides. Notably, all of the ankyrin mutants are expressed at levels comparable to the wild-type protein (Fig. 3b,c) . We also carried out interaction studies between G9a and the DNA binding repressor growth factor independent 1 (GFI1), which has been previously shown to interact with G9a (ref. 9). All of the methyllysine binding-deficient ankyrin mutants were still able to associate with GFI1 in coimmunoprecipitation studies, again demonstrating the selective loss of methyllysine binding and maintenance of the overall structural integrity of the mutant proteins (Fig. 3d,e) . 
DISCUSSION
The binding and X-ray crystallographic data presented here show that the ankyrin repeats of G9a and GLP are capable of binding methylated histone tails. This is the first example of such a function by an ankyrin repeat domain. The specificity for mono-and dimethyllysine of the G9a and GLP ankyrin repeats is comparable to that of other methyl binding protein modules, such as the chromodomain, tudor domain and PHD finger [10] [11] [12] [13] [14] , which can preferentially bind lysines methylated to specific degrees at specific histone tail residues. The organization of the methyllysine binding hydrophobic cage structure with one acidic residue in the ankyrin repeat domains of G9a and GLP is also similar to those found in the H4K20me2 binding double tudor domain of 53bp1 and, to a lesser extent, in the H3K4me3,2 binding PHD finger of BPTF ( Supplementary Fig. 3 online) .
The histone code hypothesis suggests that specific epigenetic marks on histones can be translated into distinct biological outcomes through effectors that are recruited to these marks and subsequently act on the local chromatin structure or transcriptional machinery 15, 16 . Several histone-methylating complexes contain components to both synthesize and bind a specific histone mark, such as Suv39h-HP1 (for H3K9me3) 17 and LSD1-BHC80 (for H3K4me0) 18 , where the components that make (or remove) and recognize a specific histone mark are separate proteins. In these examples, both components are necessary for the overall function of the complex. G9a and GLP are the first example of histone-methylating proteins that contain modules, within the same polypeptide, for both making (via the SET domain) and recognizing (via the ankyrin repeats) a given methyl mark. The presence of a G9a-GLP heterodimer 2 , however, may allow one enzyme to create the modification whereas the other enzyme binds this modification. In addition, the opposite approximately two-fold preference for either H3K9me1 or H3K9me2 by GLP and G9a, respectively, may better enable the G9a-GLP heterodimer to bind both of the H3K9me1 and H3K9me2 marks.
Recruitment of complexes containing G9a-GLP to regulated genes may be accomplished through direct interaction with sequencespecific DNA binding proteins or through the interaction with coactivator or co-repressor proteins. The studies presented here provide an alternative method of recruitment of G9a-GLP complexes through direct ankyrin repeat-mediated interaction with K9 methylation marks on histone tails. Although it is tempting to speculate that, similarly to the paired protein examples given above, G9a and GLP contribute these dual histone-methylating and methyl histone binding roles to the coactivator and co-repressor functions of complexes, further studies will be needed to elucidate the functional significance of this newly identified mode of histone tail recognition.
METHODS
Peptide interaction assays. We produced mouse G9a and human GLP proteins using the TNT T7 transcription and translation system (Promega) and 35 S-methionine (ICN). Template plasmids pSG5-Flag G9a and pSG5-Flag G9a ankyrin repeats (residues 730-965) were either made as described 7 or generated by PCR. Plasmid pSG5-HA GLP was generated by inserting the complete human GLP coding sequence into the vector pSG5-HA. The GLP expression vector pSG5-Flag GLP (residues 734-968) was generated by PCR. Biotinylated histone H3 peptides (residues 1-21 or 21-44, Upstate), 0.5 mg per sample, were bound to streptavidin-Sepharose beads (Amersham) for 1 h. Beads were then washed three times with binding and washing buffer (25 mM Tris, pH 8.0, 140 mM NaCl, 3 mM KCl and 0.1% (v/v) Nonidet P-40) and incubated with 35 S-labeled G9a or GLP proteins overnight at 4 1C in a total volume of 300 ml of binding and washing buffer. Beads were then washed three separate times each in 1 ml binding and washing buffer at 4 1C. Bound proteins were eluted directly into SDS-PAGE loading buffer and analyzed by SDS-PAGE and autofluorography.
Generation of ankyrin repeat point mutations. We generated point mutations in G9a in the vector pSG5-Flag G9a (residues 730-965), using the QuikChange II XL system (Stratagene). Reinserting the mutant fragment into the plasmid encoding full-length G9a created mutant full-length Flag-tagged G9a expression constructs. The G9a H1166K mutant was generated as described 7 . All mutations were confirmed by sequencing.
Coimmunoprecipitations. We assayed the interaction of Flag-tagged G9a with either the hemagglutinin (HA)-tagged GRIP1 N terminus or the HA-tagged GFI1 N terminus with cleared lysates from transfected Cos-7 cells, using the plasmids pSG5-HA GRIP1 (residues 5-479; ref. 19 ) and pSG5.HA GFI1 delta zinc fingers (DZF). The plasmid pSG5-HA GFI1 DZF was generated by inserting GFI1 residues 1-271 into the vector pSG5-HA. Briefly, 3 Â 10 6 Cos-7 cells were electroporated with a total of 5 mg plasmid DNA in 300 ml growth medium contained in a 0.4-cm cuvette using a 240-V and 960-mf pulse. Cells were subsequently plated on 10-cm dishes, and whole-cell extracts were made 48 h later using 500 ml 25 mM Tris, pH 8.0, 140 mM NaCl, 3 mM KCl, 1% (v/v) Nonidet P-40, 0.2% (v/v) SDS and protease inhibitor cocktail (Roche). Cleared lysates were immunoprecipitated with anti-Flag antibody (M2, Sigma) and protein A/G-Sepharose beads (Santa Cruz Biotechnology) for 4 h at 4 1C, washed two times with binding and washing buffer and subsequently analyzed by SDS-PAGE and anti-HA (3F10, Roche) immunoblotting.
Methyltransferase assays. We immunoprecipitated Flag-tagged G9a from transfected Cos cells as above. Bead-bound G9a was incubated with core histones (Sigma) and 3 H-labeled AdoMet (NEN), and radioactive products were subsequently analyzed by standard denaturing SDS gel electrophoresis and autofluorography.
Fluorescence anisotropy. We carried out fluorescence anisotropy measurements at 25 1C on a Beacon 2000 Fluorescence Polarization System (PanVera). A constant amount of synthetic N-fluoresceinated peptide (5 nM) was incubated for 30 min with increasing amounts of proteins. No change in fluorescence intensity was observed with binding. Each curve was reproduced in triplicate. Curves were individually fit using Origin 7.0 software (OriginLab Corporation). Binding constants, calculated as described previously 20 , were averaged and s.d. of the three curves are reported. For competition experiments, 5 nM H3K9me1 N-fluoresceinated peptide was incubated with a concentration of protein sufficient to give about 60% of the total shift in anisotropy, and unlabeled peptides were titrated in.
Expression and purification for crystallization. We generated two hexahistidine-SUMO tagged constructs: pXC571 (mouse G9a residues 730-965) and pXC587 (human GLP residues 734-968). There is a 4-amino-acid difference in numbering between GLP and G9a, and so pXC587 and pXC571 encode the ankyrin repeat domain of the two proteins. Relative to G9a, GLP (pXC587) was isolated with a better yield and purity. Furthermore, GLP crystallized, whereas G9a failed to do so. All proteins were expressed in Escherichia coli BL21(DE3)-Gold cells (Stratagene) that were transformed in house with the RIL-Codon plus plasmid to compensate for the expression of rare tRNAs. For selection and maintenance throughout expression, cells were cultured with 100 mg ml -1 kanamycin. Plates and starter cultures used MDAG repressive (glucosecontaining) media 21 . Expression cultures were grown at 37 1C in LB medium until D ¼ 0.8 at 600 nm; the temperature was then shifted to 16 1C, and the cultures were induced overnight with 0.4 mM isopropyl b-D-thiogalactoside.
Cells were lysed as a 20% (v/v) suspension in 50 mM potassium phosphate, pH 8.0, 250 mM NaCl, 5% (v/v) glycerol, 0.25 mM DTT and 40 mg ml -1 PMSF by two passes through an ice-cold French pressure cell press. The lysate was clarified by centrifugation twice at 50,000g for 30 min. Hexahistidine-SUMO fusion proteins were isolated on nickel-charged HiTrap Chelating HP (GE Healthcare). Following imidazole elution, the fusion protein was cleaved with Ulp1 protease at 25 U ml -1 in overnight dialysis at 4 1C. Only two extraneous N-terminal amino acids (HisMet) were left as a result of the NdeI restriction site. For the GLP ankyrin repeat protein, the digestion products could be passed back through the nickel column to capture the tag and protease; however, the G9a ankyrin repeat protein remained associated with the cleaved SUMO tag. Hydrophobic interaction chromatography was used, and this displaced the SUMO tag efficiently. The protein was further purified by ion exchange (HiTrap-Q) and gel filtration chromatography (Superdex-75, GE HealthCare). A maximum yield of 7 mg l -1 for the G9a ankyrin repeat protein and 25 mg l -1 for the GLP ankyrin repeat protein was obtained. Both are monomeric and show little aggregation in gel filtration in the presence of 5% (v/v) glycerol and 2 mM DTT. The purified ankyrin repeat proteins tolerate snap freezing in liquid nitrogen (particularly if small volumes are dropped directly into the liquid nitrogen and stored as pellets) and are stable for about 2 weeks at 4 1C. In addition, the complexes of GLP ankyrin repeat proteins with H3K9me2 peptides were copurified over an analytical gel filtration column. H3K9me0 peptide does not copurify with the ankyrin repeat proteins (data not shown).
Crystallography. We obtained crystals of GLP ankyrin repeat protein derived from pXC587 (human GLP 734-968), and copurified complexes of ankyrin repeat-H3 peptide (residues 1-15) under the conditions of 2.0 M LiSO 4 , 4% (v/v) polyethylene glycol 550 and 0.1 M Tris, pH 8.5. The crystals appeared in various morphologies, but only diamond-like plates were single crystals. X-ray diffraction data were collected from three crystals, cryoprotected by xylitol mixed with mother liquor at 35% (w/v), at the SER-CAT beamline, and processed using HKL2000 (ref. 22 ; Table 1) .
We used molecular replacement to obtain crystallographic phases. The closest homolog of GLP ankyrin repeats with a known structure is a synthetic ankyrin repeat construct (PDB 1N0R), which contains 4 ankyrin repeats, as opposed to GLP's six repeats plus a cap, and has only 32% sequence identity with GLP. It failed as a search model for molecular replacement. Therefore, we chose to produce search models using homology modeling for both G9a and GLP sequences, using the PHYRE server 23 (http://www.sbg.bio.ic.ac.uk/phyre). Among the models with high confidence scores, a homology model of G9a readily gave a solution using the molecular replacement program PHASER 24 . Even though G9a and GLP ankyrin repeats have only B50% sequence identity, the model against G9a succeeded as a search model for GLP because of an excellent structural alignment of backbone residues across a greater distance than could be achieved using any other model ( Supplementary Fig. 4a online) . The resulting electron density map was easily interpretable ( Supplementary  Fig. 4b ), using the model-building program O 25 . The accuracy of the molecular replacement phases was evident by correct locations for nine (out of 14) selenium positions-six per molecule and one from the tag with two molecules per asymmetric unit-in an anomalous difference Fourier map (Supplementary Fig. 4c ) using data collected from a selenium-incorporated crystal ( Table 1) . Refinement proceeded using CNS 26 scripts, and the statistics shown in Table 1 were calculated for the entire resolution range. The R free and R work values were calculated for 5% (randomly selected) and 95%, respectively, of observed reflections. Following completion of the peptide-free structure, a difference Fourier map was calculated against data from a peptide-containing crystal. The peptide electron density was readily apparent ( Supplementary  Fig. 4d ), and the cocrystal structure was built and refined ( Table 1) . The crystals contain two molecules, of which one contains peptide, per crystallographic asymmetric unit ( Supplementary Fig. 4e ).
Accession codes. The X-ray structures of GLP, with and without bound H3 peptide, have been submitted to PDB as 3B7B and 3B95, respectively. 
